Abstract: A new species of Didymium (Myxomycetes), D. xerophilum, is described, and some details of its life cycle are provided. The new species was collected during studies of arid areas of Argentina and Peru. It can be distinguished by the persistent funnel-shaped invagination of the peridium, the top of which appears as a deep umbilicus in closed sporothecae, and the calcareous hypothallus shared among several sporocarps. This combination of characters, with a circumscissile dehiscence of the sporotheca and a cream stalk packed with rhombic lime crystals, is unknown in other described species. Morphology was examined with scanning electron microscopy and light microscopy, and micrographs of relevant details are included here. Phylogenetic analysis with 18S rDNA sequences of different species of Didymium supports the distinct identity of this new species. Some collections of this myxomycete were made at up to 4600 m, an altitude almost unknown for this group of microorganisms.
INTRODUCTION
The Myxotropic Project includes intense surveys of myxomycetes from arid areas in several countries of the Neotropics (Lado et al. 2007a (Lado et al. , 2011 (Lado et al. , 2013 Estrada-Torres et al. 2009; Wrigley de Basanta et al. 2010 . In some areas of Argentina and Peru, a myxomycete identified as a species of Didymium, which did not correspond to any described species, was collected several times.
Schrader (1797) originally described the myxomycete genus Didymium based on eight species. The species in this genus are distinguished from others by the crystalline nature of the peridial lime. Didymium farinaceum Shrad., now considered a synonym of D. melanospermum (Pers.) T. Macbr., is considered the type species and is the only one of the eight original species to remain classified in the genus (Martin and Alexopoulos 1969 , Lado 2005 -2014 . Over the past few decades, many new species were added to the genus, which now includes more than 70 (Lado 2005 (Lado -2014 . The genus appears to be particularly well adapted to arid conditions; almost 21% of samples from a study of Atacama Desert in Chile and almost 20% from the Tehuacán-Cuicatlán Valley in Mexico belonged to this genus (Lado et al. 2007a , EstradaTorres et al. 2009 ). Didymium spp. were among the recently described species from xeric environments .
MATERIAL AND METHODS
The study area was in the Andean puna that borders the Monte Desert in northern Argentina, in the steppe of the slopes of the Argentinean Andes and the puna of the Peruvian Andes, near the northern limit of the Atacama Desert. The area is 24-40S and 65-74W. The surveys were done yearly 2006-2013, and known or suspected habitats of myxomycetes were examined in the field. The areas where samples of this new myxomycete were collected are arid or semiarid with average annual temperature 3-24 C and mean annual rainfall less than 450 mm. Collecting was done in each country to coincide with the austral spring and the end of the summer of the same phenological year. During collection, there was no rainfall at any of the sites, although in Peru rainfall had occurred in the month before. Temperatures during collecting varied according to elevation, with temperatures close to 0 C at the highest elevations and up to 20 C at the lowest.
Collections were glued into herbarium boxes and dried in situ. All localities were geo-referenced with a GPS Garmin eTrex Vista HCX (datum WGS84). All specimens are deposited in the herbarium MA-Fungi (sub Lado), with some duplicates in TLXM and the private collection of the first author (dwb). Agar cultures were prepared with spores from mature sporocarps of collections Lado 22243 and 22247. Spores were sown on 0.75% water agar (WA) at pH 7.0. Sporocarps were crushed and spores released over the agar in each of four quadrants of sterile 9 cm plastic Petri dishes. The cultures were maintained in an incubator at 22 C, with an approximate 12 h light/dark regime. Details of media used and techniques followed can be found in Haskins and Wrigley de Basanta (2008) . Sections of mature sporocarps were made to see details of the sporotheca and columella following procedures described by Matsumoto and Deguchi (1999) . Material was mounted in Hoyer's medium for microscope measurements and observations. Measurements were made of 10 spores from each of the collections. Descriptive data and light micrographs were obtained with a Nikon Eclipse 80i microscope with differential interference contrast (DIC). Critical point drying was used for scanning electron microscopy (SEM) preparations and SEM analyses. Electron micrographs of specimens were made at the Scanning Electron Microscopy Department of the Royal Botanic Garden of Madrid, Spain, with a Hitachi S-3000N SEM at 10-15 kV. Color notations in parentheses are from the ISCC-NBS Color Name Charts Illustrated with Centroid Colors (Anon. 1976).
DNA extraction and 18S rDNA amplification.-Two specimens of the new species, including the type material, were selected for molecular studies. A further 30 samples belonging to other Didymium species, collected in widely distributed localities and deposited in the Myxomycete collection of the Royal Botanic Garden of Madrid (MAFungi, TABLE I), also were processed. DNA was extracted from 5-8 sporocarps, depending on abundance, with a DNeasy Plant Minikit (QIAGEN, United States). The samples were placed in 1.5 mL safe-lock Eppendorf tubes containing 25 mL AP1 buffer and incubated overnight at 65 C. Then they were shock-frozen with liquid nitrogen before being ground in an electric mortar approximately 5 min. To avoid melting while crushing, the samples were kept on ice. An additional 375 mL AP1 buffer was added and the remaining steps of the extraction procedure were performed according to the manufacturer's instructions. A fragment of the nuc small subunit rRNA gene (nuc 18S rDNA) of about 430 bp was amplified by PCR with a MyTaq TM Red Mix kit (Bioline, United Kingdom). Each reaction mixture contained 12.5 mL MyTaq TM Red Mix, 1 mL each primer, 3 mL DNA template (approx. 10 ng/mL) and Milli-Q water to a final volume of 25 mL. The primer pair used was Phf1b-A (AAA ACT CAC CAG GTC CAG AT)/JKr-2 (AGG GCA GGG ACG CAT TC). The direct primer was a modification from Kamono and Fukui (2006) and the reverse primer was designed in this study for Didymium. PCR amplification was carried out with these cycling parameters: an initial denaturation step at 94 C for 3 min, followed by 30 cycles of denaturation at 94 C for 60 s, annealing at 58 C for 60 s and polymerization at 72 C for 2 min, with a final extension step at 72 C for 10 min.
Sequencing, assembly and alignment.-Each PCR product was directly sequenced in forward and reverse directions with an ABI 3730XL automatic sequencer (Macrogen, Korea). The assembly of both strands and the subsequent manual edition of consensus sequences were performed in Geneious 5.0 (Drummond et al. 2010) . The new nuclear 18S rDNA sequences were automatically aligned with default settings in MAFFT 7.017 (Katoh et al. 2002) , with other Didymium GenBank sequences (TABLE II) , based on BLAST queries (maximum identity . 92%). Four additional sequences (DQ903679, AB259447, HE614609, HE614617) representing other genera of the Didymiaceae (Mucilago, Lepidoderma, Diderma) also were selected. These three genera are closely related to Didymium, according to phylogenetic evidence (Fiore-Donno et al. 2008 , Nandipati et al. 2012 ). They were included in the alignment for a better placement of the new species, not only within this genus but also within the Didymiaceae. Finally the data matrix also included two sequences of Fuligo septica (KJ545570, KJ545569) and one of Physarum roseum (HE614605) as the most external outgroup to root the trees. Both species of the family Physaraceae also are related to genus Didymium but more distantly (Nandipati et al. 2010) .
Missing or ambiguous characters were coded as N and treated as missing data. The automatic alignment was visually examined in Geneious 5.0 so minor errors were corrected and endings of the longest sequences were trimmed, respectively. All sequences newly obtained in this study were submitted to GenBank, under accession numbers KJ545537-KJ545570 (TABLE I) , and the final alignment was deposited in TreeBASE (http://www. treebase.org; TB2:15505).
Phylogenetic analysis.-GTR + C was selected as the best-fit model of nucleotide substitution under Akaike's information criterion (AIC) in jModelTest 2 (Darriba et al. 2012) . Phylogenetic analyses were done with both maximum likelihood (ML) and Bayesian inference (BI). The ML analysis was performed in RAxMLGUI 1.3 (Stamatakis 2006, Silvestro and Michalak 2012) using the rapid bootstrap algorithm option and 1000 nonparametric bootstrap replicates for assessing branch support (BS). The BI analysis was executed in MrBayes 3.2 (Ronquist et al. 2012 ) and consisted of two independent runs of 10 000 000 generations, each one starting with a random tree and using four independent Monte Carlo Markov chains (MCMC). The convergence of both runs was assessed through the effective sampling size criterion for each parameter in Tracer 1.5 (Rambaut et al. 2013) . Branch-length estimates of a preliminary Bayesian tree, built with default priors, were much longer than those corresponding to ML analysis. In fact, the intervals of the Bayesian branch-length estimates did not include those from ML analysis, which can be considered clear evidence of biased Bayesian estimates (Brown et al. 2010) . To get accurate results, the default value of the parameter that controls branch lengths (l 5 10) was changed by l 5 50, with the command used by Zamora et al. (2014) . After correcting this parameter, a new Bayesian analysis was conducted.
Trees were sampled every 1000 generations. The initial 25% of trees sampled was discarded as burn-in; the tree was calculated with the remainder. Posterior probabilities (PP) were obtained Simon 1999, Huelsenbeck and Ronquist 2001) by sampling trees using the Markov chain Monte Carlo (MCMC) method. A combination of both bootstrap (BS) values and posterior probabilities (PP) was used to test the confidence of each branch according to the scale proposed by Lutzoni et al. (2004) . Phylogenetic trees were visualized and edited with FigTree (Rambaut 2013) , and artwork was processed with AdobeH Illustrator.
RESULTS
Phylogenetic analysis.-Thirty-two new nuclear 18S rDNA sequences of species of Didymium and two of Fuligo were generated. Among them, two identical sequences from different specimens of the newly described species D. xerophilum were found (FIG. 1) . The final data matrix used for phylogenetic analyses consisted of 97 sequences and 1256 characters. A total of 1075 sites were constant, 32 were uninformative and the remaining 149 variable characters were informative. After the modification of the parameter l, the corrected BI analysis yielded more similar branch-length estimates to those from ML analysis than the preliminary analysis with default priors. Hereafter only the Bayesian tree resulting from the corrected analysis is discussed.
Overall there was topological congruence between ML and BI analyses, with just a few minor incongruences that were not well supported. The position of the new species D. xerophilum did not vary in the different approaches. The ML analysis yielded a tree with a larger number of resolved nodes but with very low statistical support, while BI produced a consensus tree with support values that in general were higher than those from ML analysis. Consequently only the Bayesian consensus tree, showing both BI posterior probabilities (PP) and ML bootstrap values (BS), is provided here (FIG. 1) . Different analytical methods (i.e. ML, BI) produced highly consistent results, and reasonable support was obtained for the great majority of the clades nested within the highlighted group. Relationships among some clades, which are not very closely related to the group under study here, were strong enough to allow these parts of the tree to be collapsed, in the interest of brevity and clarity. These clades were given the name of one representative species (see D. nigripes group) and only the part of the tree comprising the new species is highlighted and discussed in more detail (FIG. 1) .
Life cycle in agar culture.-Spores germinated by a Vshaped split in the spore wall typical of the genus (FIG. 2) . The myxamoebae were large (FIG. 3) Sporophores sporocarpic, grouped, sometimes on a vein-like common hypothallus. Sporocarps 0.75-2 mm total height, stipitate . Sporotheca slightly oblate to subhemispheric, umbilicate above (FIGS. 7, 9-10), 0.5-2.0 mm diam, covered with lime crystals, light gray (264. l. Gray) to white (263. White), especially above, occasionally iridescent below, where the crystals are sparse or absent. Stalk erect, subcylindrical, expanded at the base (FIGS. 8-9, 11), 0.25-1.5 mm long, 0.15-0.25 mm diam, calcareous, packed inside with rhomboid lime crystals (FIG. 13) and with stellate crystals on the surface of the upper portion only (FIG. 15) , ending as a columella inside the sporotheca (FIGS. 9, (11) (12) 15) (FIG. 16) , covered with abundant to scattered, white, stellate, lime crystals (FIGS. 7-11, 15); dehiscence circumscissile near the apex of the sporotheca, leaving a persistent funnel-shaped invagination that reaches the columella (FIGS. 9-11). Columella from a disk-shaped thickening to dome-shaped, packed with lime crystals, continuous with the stalk 15) , concolorous with the stalk or slightly darker. Capillitium filiform, netted, threads 0.5-1.5 mm diam, branched, straight, with many cross connections with small expansions, yellow-brown (79. l. gy. y Br-78. d. y Br), colorless at the tip, covered with nodules by LM and SEM (FIGS. 14, 17-18). Spores free, black in mass, dark brown (78. d. y Br-81. d. gy. Y Br) by LM, with a pale area, globose, (10-)11-13(-15) mm diam, densely warted by LM (FIG. 2) , with evenly distributed bacula by SEM (FIGS. 19-20) . Plasmodium not observed.
Habitat: Leaf litter and twigs of arid plants and blades of grasses.
Distribution: Argentina (Jujuy, Neuquen, Chubut) and Peru (Arequipa, Ayacucho, Moquegua).
Examples of other species examined are provided (TABLE III) .
DISCUSSION
Twenty-one collections of this new species were obtained from two countries in three separate years. Some stages of the life cycle of this myxomycete also were observed on agar from the germination of spores produced by natural fruiting in the field. The phylogenetic analysis of nuc 18S rDNA sequences shows the relationship of the new species to others in the genus. In addition, clear morphological differences separate it from currently described species.
The most obvious characters that make this species unique in Didymium are the persistent funnel-shaped invagination of the peridium, the top of which appears as a deep umbilicus in closed sporothecae, and the vein-like calcareous hypothallus common to several sporocarps. The combination of these characters with the circumscissile dehiscence and the yellowish white stalk packed with rhombic lime crystals is unknown in any other described species. The only other member of Didymium with a funnelshaped invagination of the peridium is the recently described Didymium infundibuliforme D. Wrigley, Lado & Estrada, but the new species differs in several aspects. When compared with the type material of D. (Martin et al. 1959) , and D. intermedium J. Schrö t. has spores with long, dark spines, also in a partial reticulate pattern (Martin and Alexopoulos 1969) . Didymium wildpretii Mosquera, Estrada, Beltran-Tej., D. Wrigley & Lado, also has smaller spores (7.5-9.5 mm diam vs. 11-13 mm) with warts in a subreticulate pattern and shorter stalks (0.1-0.3 mm vs. 0.25-1.5 mm). Didymium pertusum Berk. has a slightly tapering reddish stalk and is umbilicate below, not above. In addition, none except D. intermedium has the calcareous, sometimes venulose hypothallus, common to several sporocarps (Fries and Palmquist 1818 , Berkeley 1836 , Martin et al. 1959 , Matsumoto and Deguchi 1999 , Lado et al. 2007b .
Didymium operculatum D. Wrigley, Lado & Estrada has a circumscissile dehiscence, but the top of the sporotheca lifts off as a lid. It also has reticulate spores, 10-11 mm diam, with 9-12 meshes across the hemisphere, unwarted spores, with bacula by SEM as in D. xerophilum. Didymium tehuacanense Estrada, D. Wrigley & Lado can be distinguished from the new species because it is not umbilicate, has irregular dehiscence, leaving a basal disk, and has an inconspicuous membranous orange brown hypothallus. This species also has smaller spores (8-10 mm diam vs. 11-13 mm) (Estrada-Torres et al. 2009 ). Didymium umbilicatum D. Wrigley, Lado & Estrada has an umbilicus above, but the sporocarps are flattened sessile or with very short stalks, the hypothallus is inconspicuous and membranous, and the spores have an irregular sub-reticulum of warts by SEM .
A species of Physarum that is macroscopically similar to D. xerophilum is P. umbiliciferum Y. Yamam. & Nann.-Bremek., because it has a deep umbilicus, but the dense net of the physaroid capillitium easily distinguishes it from the new Didymium. Physarum umbiliciferum also has a pale brown discoid hypothallus and smaller spores (8-10 mm diam vs. 11-13 mm), and the umbilicus does not reach the base of the sporotheca or columella, which is absent (NannengaBremekamp and Yamamoto 1990).
As illustrated (FIG. 1) both nuc 18S rDNA sequences of Didymium xerophilum, newly generated in this study, constituted a well supported monophyletic clade (clade C; PP 5 1, BS 5 100%). These two sequences were identical, despite the origin of the specimens from geographically distant areas (TABLE I) , suggesting low intraspecific genetic variation. This fact, together with the unique morphology of D. xerophilum, supports the distinct identity of this new species. This analysis also shows that different members of the genus Didymium, which share some morphological traits with D. xerophilum, are phylogenetically separated. For instance, D. infundibuliforme, which also has a funnelshaped invagination in the peridium, forms clade B with D. operculatum, D. anellus and D. umbilicatum (PP 5 1, BS 5 63%). Similarly D. operculatum has a calcareous stalk like the new species but is placed closer to D. anellus, which lacks this character. Other taxa, such as D. floccosum, D. laccatipes and D. squamulosum, which could be thought to be allied to D. xerophilum Ecology.-Many species of Didymium appear to be particularly xerotolerant, and members of the genus that are commonly found in or associated with arid conditions now number more than 25 . Didymium xerophilum appears to be a generalist because it was found on several substrate plants from the genera Cortaderia, Eryngium, Festuca, Parastrephia, Polylepis and Stipa. These are characteristic plants in cold, arid areas of either puna or steppe vegetation of South America. The new species was collected at markedly different elevations, from 228 m to almost 4600 m, one of the highest reported for a myxomycete, but always from dryland ecosystems. The presence of a previously unknown species of microorganisms in such vulnerable areas of the tropical Andes suggests a further pressing reason for the careful conservation and protection of these environments.
